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Abstract5
We describe a straight-forward method for determining the transfer function of the readout of
a sensor for the situation in which the current transient of the sensor can be precisely simulated.
The method relies on the convolution theorem of Fourier transforms. The specific example is a
planar silicon pad diode. The charge carriers in the sensor are produced by picosecond lasers
with light of wavelengths of 675 and 1060 nm. The transfer function is determined from the
1060 nm data with the pad diode biased at 1000 V. It is shown that the simulated sensor response
convoluted with this transfer function provides an excellent description of the measured transients
for laser light of both wavelengths. The method has been applied successfully for the simulation of
current transients of several different silicon pad diodes. It can also be applied for the analysis
of transient-current measurements of radiation-damaged solid state sensors, as long as sensors
properties, like high-frequency capacitance, are not too different.
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Introduction. The analysis of current transients from different sensors is frequently limited by the7
knowledge of the electronics response, which is also influenced by the sensor properties. Examples for8
silicon sensors are the determination of the electric fields, carrier lifetimes and charge multiplication9
in radiation-damaged sensors using the Transient Current Technique (TCT, edge-TCT) [1–3] or10
charged particles with shallow incident angles [4]. The aim of this Technical Note is to demonstrate11
that, for an experiment in which the pulse shape from the sensor can be precisely simulated, the12
electronics transfer function can be obtained from the measured transient using the convolution13
theorem of Fourier transforms. This transfer function can then be used for analyzing data for which14
the pulse shape of the sensor is not known. An example is the analysis of measured transients from15
a radiation-damaged sensor using the known transfer function obtained from the sensor before16
irradiation, as long as detector properties, like the high-frequency capacitance, do not change too17
much with irradiation.18
Measurement set-up. The measurement set-up used is described in detail in [5–7]. The measure-19
ments have been performed on p+nn+ and n+p p+ pad diodes with different doping, thicknesses of20
200µm and 285µm, and 4.4 mm2 and 25 mm2 area. In all cases the electronics response function21
has been successfully determined. Here we present the results from a p+nn+ pad diode produced22
by Hamamatsu [8] on a 〈100〉 crystal with 204.5µm mechanical thickness, 4.4 mm2 area, and23
2.9 · 1012 cm−3 phosphorous doping, which was connected by a 3 m long RG58 cable and a bias-T24
to an amplifier [9], and read out by a Tektronix DPO 4104 oscilloscope with a bandwidth of25
1 GHz and a sampling rate of 5 GS/s. A guard ring was present but not connected for the26
measurements. The active thickness of the pad diode was estimated to 200± 1µm from dielectric27
as well as caliper measurements of the physical thickness minus the thickness of the implants from28
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2spreading resistance measurements [10]. The depletion voltage was determined to 87.5± 3.0 V,29
from capacitance measurements with a capacitance above the depletion voltage of about 2.7 pF.30
The charge carriers were generated by picosecond lasers [11] pulsed at a frequency of 200 Hz31
with a full-width-at-half-maximum of less than 50 ps and wavelengths of 675 and 1060 nm. For32
each pulse approximately 106 electron-hole pairs were generated, and for every measurement 51233
pulses were averaged. At room temperature the absorption length in silicon for light of 1060 nm is34
about 1.5 mm. As the attenuation length is long compared to the sensor thickness, the distribution35
of charge carriers is similar as for charged particles traversing the sensor. At this wavelength the36
absorption length is a strong function of temperature [12, 13]. It is about 650µm at 40◦C. The37
absorption length for light of 675 nm is about 3.3µm at room temperature, and the signal induced38
in the electrodes of the sensor is essentially due to electrons if the light is injected at the p+ side,39
and due to holes if injected at the n+ side.40
Simulations. In the simulations a uniform doping in the active region of the sensor is assumed,41
resulting in a linear position dependence of the electric field. Using the field simulated with42
SYNOPSYS-TCAD [14] which includes realistic doping distributions at the p+n and n+n transi-43
tions [15], it has been checked that the current transients for voltages 50 V above the depletion44
voltage are hardly affected by the electric field distribution at the transitions.45
Electrons and holes are generated on a grid with 100 nm spacing according to exponentials46
with the light-absorption lengths given above. The charge carriers are then drifted in the electric47
field in time steps ∆t = 10 ps taking into account diffusion by Gaussians with variances σe =48 √
(2 · µe · kBT/q0)∆t for electrons, and similar for holes, with the Boltzmann constant kB, the49
absolute temperature T , the elementary charge q0, and the electron and hole mobilities µe and50
µh. The field dependence of the mobilities of electrons and holes was adjusted to describe our51
measurements [5, 16]. The main difference compared to the standard parametrization [17] is that52
at high fields (≈ 50 kV/cm) the electron and the hole drift velocities are similar. We note that there53
are hardly any measurements of the drift velocities for 〈100〉 silicon available. The current induced54
in the electrodes in the time interval between i ·∆t and (i + 1) ·∆t is calculated according to55
Isimi = q0/∆t ·
∑
j
[
(Nei+1,j −Nei,j)−
(
Nhi+1,j −Nhi,j
)]
, where Nei,j is the number of electrons and56
Nhi,j the number of holes at the grid point j at time i ·∆t. Effects like charge trapping or charge57
multiplication are not taken into account. The convoluted signal is given by Ssimk =
∑
l I
sim
k−l ·Rl,58
where Rl is the response at t = l ·∆t to an initial unit current at t = 0.59
Transfer function determination. The measurements have been performed for voltages between60
100 V and 1000 V in steps of 10 V. For every voltage three sets of data were taken: 1060 nm light61
injected from the p+ side, called ”IR”, 675 nm light injected from the p+ side, ”e”, and 675 nm62
light injected from the n+ side, ”h”. For ”IR” holes and electrons contribute equally to the signal,63
whereas for ”e” electrons, and for ”h” holes dominate. For determining the transfer function R, the64
IR measurement at 1000 V is used. A spline interpolation of the measurement Iint is used to obtain65
values for the same time steps ∆t = 10 ps as in the simulation. Next the Fast Fourier Transforms66
F(Isim) and F(Iint) are calculated, and the transfer function is obtained by R = F −1[F(Iint)/F67
(Isim)
]
, using the well-known convolution theorem F(f ⊗ g) = F(f) · F(g).68
Fig. 1 shows the elements used in the determination of the transfer function R: the spline-69
interpolated measured current transient Iint, the simulated current transient before convolution70
Isim, and R obtained as described. As shown in Fig. 3 the transients for electrons and holes at71
1000 V are very similar implying that at high fields around 50 kV/cm the drift velocities of electrons72
and holes are also similar. As a result, Isim for IR at 1000 V, which is a superposition of electron73
and hole drift, is to a good approximation a straight line without a tail from slower holes. The74
time step for all curves is 10 ps. The time shift between the simulated and the measured transient75
is arbitrary. It does not change the shape of R, but just its position along the time axis.76
Comparison of measurements with simulations. Fig. 2 compares the current transient for the IR77
measurement at 1000 V with the simulated transient using for the convolution the transfer function78
determined from the same data. For the simulation only the values at the times at which data were79
3t [ns]
0 1 2 3 4 5 6
[ar
b.]
-0.002
0
0.002
0.004
0.006
0.008
0.01 spline interpolation of the measurement
simulation
transfer function
Figure 1: Determination of the transfer function R (blue dots) from the spline interpolation of the
measured transient Iint (black solid) and the simulated transient Isim (red dashed) for the signal
of electrons and holes produced by 1060 nm laser light (IR) at 1000 V.
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Figure 2: Comparison of the measured current transient (crosses) with the simulated one (solid
line) for IR at 1000 V. The transfer function used for the convolution has been determined from
this measurement.
recorded are shown. Both the main pulse, shown as insert, as well as the signal reflections are well80
described. The difference between the measured and the simulated signal divided by the maximum81
value of the measured signal is shown at the bottom. Its absolute value is smaller than 10−11. This82
demonstrates the consistency of the method used for determining the electronics transfer function.83
Fig. 3 compares the current transients for the e and for the h measurement at 1000 V with84
the simulated transients using for the convolution the transfer function determined from the IR85
measurement at 1000 V. We note that the transients are very similar and that the h pulse is only86
slightly longer than the e pulse. At 1000 V the electric field in the sensors varies between 46 kV/cm87
4t [ns]
0 5 10 15 20 25 30 35 40 45
I [
ar
b.
]
0.00
0.02
0.04
0.06
0.08
0.10 simulation
measurement
= 1000 V
bias
Red laser (electron drift) @ U
t [ns]
0 5 10 15 20 25 30 35 40 45
[%
] 
m
ax
m
ea
s-
si
m
-5
0
5
1 2 3 4 5 6 7
0.00
0.02
0.04
0.06
0.08
0.10
(a)
t [ns]
0 5 10 15 20 25 30 35 40 45
I [
ar
b.
]
0.00
0.02
0.04
0.06
0.08
0.10
simulation
measurement
= 1000 V
bias
Red laser (hole drift) @ U
t [ns]
0 5 10 15 20 25 30 35 40 45
[%
] 
m
ax
m
ea
s-
si
m
-5
0
5
1 2 3 4 5 6 7
0.00
0.02
0.04
0.06
0.08
0.10
(b)
Figure 3: Comparison of the measured current transients (crosses) with the simulated ones (solid
lines) at 1000 V using the same transfer function for the convolution as in Fig. 2 for (a) electrons,
and (b) holes.
Figure 4: Current transients measured (crosses) and simulated (solid lines) for different bias
voltages for 1060 nm laser light.
and 54 kV/cm. We conclude that for 〈100〉 silicon the drift velocities of electrons and holes at88
these high fields are similar with little dependence on the electric field. The difference between89
the measured and the simulated signal divided by the maximum value of the measured signal is90
displayed at the bottom. Its absolute value is less than 5 %. This difference provides an idea of the91
5Figure 5: Current transients measured (crosses) and simulated (solid lines) for different bias
voltages for 675 nm laser light injected from the p+ side.
Figure 6: Current transients measured (crosses) and simulated (solid lines) for different bias
voltages for 675 nm laser light injected from the n+ side.
accuracy of the simulation and the method used for determining the transfer function since the92
simulated transient before convolution for IR is significantly different compared to the ones for e93
and h which are to first approximation boxcar functions.94
Fig. 4 compares the measured with the simulated current transients for bias voltages between95
100 and 1000 V for IR. It is seen that for all voltages the data are well described by the simulation.96
6Fig. 5 compares the measured with the simulated current transients for bias voltages between97
100 and 1000 V for e. With the exception of the 100 V data, the data are well described by the98
simulations. The biasing voltage of 100 V is only 12.5 V above the depletion voltage, and the effect99
of the p+n junction where the charges are generated, and of the n+n transition, which the electrons100
reach at the higher drift times, may be significant.101
Fig. 6 compares the measured with the simulated current transients for bias voltages between102
100 and 1000 V for h. Again, with the exception of the 100 V data, the data are well described by103
the simulations. At 100 V the electron-hole pairs are generated by the laser light in the low-field104
region of the sensor. As the density of the generated electron-hole pairs of 5 · 1012 cm−3 is similar105
to the doping density, the so called plasma effect [18, 19] is expected to occur at low bias voltages.106
The plasma effect is due to the shielding of the sensor field by the counter field of the overlapping107
electron-hole clouds which results in a delayed charge collection. In the simulations the plasma108
effect is not included. We note that the measured current transients for voltages between 150 and109
1000 V are well described by the simulations using the transfer function determined by the method110
described in the paper from the measurement with 1060 nm laser light at 1000 V.111
The transfer functions have also been determined for the 〈100〉 silicon pad diodes with different112
thicknesses and capacitances mentioned on page 1. It is found that, although there are significant113
differences in the transfer functions, the measurements can be well described with consistent values114
for the field dependence of the electron and hole mobilities. This demonstrates the validity of the115
proposed method of determining electronic transfer functions.116
Practical aspects of the determination of the transfer function. We conclude the manuscript with117
a few comments on the experience we made, when we developed the method of determining the118
transfer function described in this Technical Note. Initially we used a SPICE simulation of detector,119
cables and readout electronics. Details are given in Ref. [7], where it is also shown that a number120
of parasitic elements had to be included in the simulation to achieve an acceptable description of121
the measurements. However, the results never have been fully satisfactory especially for diodes122
with a capacitance above full depletion below 10 pF. We then used the method described here and123
obtained satisfactory results from the beginning. To better understand the method and its possible124
applications, the following studies have been made.125
As we do not know, if the current recorded by the oscilloscope is the instantaneous current126
or the current averaged over the sampling interval, the difference between a simulation using the127
value at the bin center and the average value has been investigated. Differences were observed at128
the maxima and minima of the transients, however, they are smaller than 1.5 % of the maximum129
signal and do not change significantly the results of the analyses.130
For the Fast-Fourier-Transform of the spline-interpolated measurement Iint we included 2 ns131
of the measurement before the pulse has reached 10 % of the maximum. Additionally, we had to132
add at least 3 bins (30 ps) which are set to zero at the start of Iint. Otherwise, we sometimes133
experienced oscillations in the transfer function.134
We have investigated which of our data should be used for obtaining the optimal transfer135
function. We find that the best overall description of the complete data set is obtained, if the IR136
measurement at 1000 V is used. Our explanation is that the uncertainties of the simulation are137
smallest for these conditions. At the n+n and p+n sides, there are shallow non-depleted regions138
as well as high-field regions from the doping gradients, which have not been taken into account139
in the simulation. For the red laser a significant fraction of the ehpairs is generated in these140
regions, whereas for the infrared laser the charges are generated throughout the sensor. In addition,141
at 1000 V the electric field in the 200µm thick sensor is high; therefore, the variations of the142
drift velocities, which approach the saturation velocities, are minimal. We conclude: The precise143
simulation of the transient induced in electrodes of the sensor is one necessary condition for the144
successful application of the proposed method.145
Next we discuss the requirements for noise and sampling frequency. Ideally the sampling step146
should be small compared to the width of the transfer function. In our example, however, the147
sampling step of 200 ps is not much shorter than the measured rise time of about 600 ps. As the148
simulated rise time of the current induced in the electrodes is much shorter, the measured rise149
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time is approximately equal to the width of the main peak of the transfer function. However, if150
the noise of the transient measurement is small, which has been achieved by injecting 106 eh pairs151
per pulse and averaging 512 pulses, an interpolation of the measurements can give reliable results.152
We have used a 5th order spline interpolation for obtaining data in 10 ps steps from the measured153
transients which were recorded in 200 ps steps. Thus, the second necessary condition for a successful154
application of the proposed method are a high signal-to-noise ratio and sampling steps shorter155
than the rise time of the transient.156
Last but not least: the transfer function, which has been determined from a measurement for157
which the intrinsic detector response could be simulated precisely, can only be used for analyzing158
data from a sensor with similar parameters, with the capacitance being the most important one.159
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